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ABSTRACT 


It  is  known  that  some  of  the  abnormal  magnetic  properties  of 
ultrathin  metal  films,  and  their  electrical  conduction  mechanism,  can 
be  explained  on  the  basis  of  their  ’’island”  structure.  It  can  be  shown 
that  the  electrical  conductivity  and  the  temperature  coefficient  of 
resistance  are  controlled  principally  by  the  radius_of  the  islands  and  the 
distances  between  them.  By  suitably  adjusting  these  structural  parameters, 
both  of  which  enter  the  relation  for  the  film  conductivity  exponentially,  one 
can  be  made  to  predominate  over  the  other  Thus,  if  the  islands  and  the 
distances  between  them  are  small,  very  large  negative  temperature 
coefficients  are  observed.  On  the  other  hand,  if  the  islands  are  very 
large  or  the  thermal  expansion  coefficient  of  the  substrate  is  unusually 
high,  positive  temperature  coefficients  can  be  observed,  often  several 
times  larger  than  even  the  bulk  values,  even  for  films  of  resistances 
as  high  as  10®  O/square  or  higher. 

Manuscript  received  July  5,  1962. 


TABLE  OF  CONTENTS 


Page 

INTRODUCTION  . 1 

THE  NEGATIVE  TCR  IN  ULTRATHIN  METAL  FILMS  .  7 

THE  EFFECT  OF  FILM  ANNEALING  ON  THE  TCR . .  . .  9 

THE  ROLE  OF  THE  TEMPERATURE  COEFFICIENT 
OF  THERMAL  EXPANSION  IN  THIN  FILM 

CONDUCTION  AND  THE  TCR  . . 10 

ABNORMALLY  HIGH  POSITIVE  TEMPERATURE 

COEFFICIENTS  OF  RESISTANCE  IN  ULTRATHIN 

METAL  FILMS  . 13 

THE  SIMULTANEOUS  APPEARANCE  OF  POSITIVE 

AND  NEGATIVE  TCR's  IN  ULTRATHIN  METAL 

FILMS  ON  TEFLON  SUBSTRATES  . .  16 

SUMMARY  .  18 


REFERENCES 


19 


THE  TEMPERATURE  COEFFICIENT  OF  RESISTANCE 
IN  ULTRATHIN,  EVAPORATED  METAL  FILMS 
(INVESTIGATION  OF  METAL  THIN  FILM  FORMATION  AND  STRUCTURE) 


C.  A.  Neugebauer 


INTRODUCTION 

It  has  been  known  for  many  years  that  a  thin  film  may  exhibit 
properties  quite  different  from  the  bulk  materiaL  In  general,  the 
deviations  from  bulk  behavior  become  more  and  more  severe  as  the 
film  thickness  decreases.  In  the  ’’ultrathin"  thickness  range  from  a 
few  to  100  A  the  abnormal  behavior  of  films  is  quite  marked;  on  the 
other  hand,  it  is  still  possible  to  apply  conventional  techniques  to  them, 
such  as  electron  microscopy  and  diffraction,  x-ray  fluorescence, 
magnetic  balances,  and  simple  electrical  measurements.  It  is  thus  an 
appropriate  thickness  range  to  explore  in  order  to  explain  the  role 
which  the  decreasing  thickness  dimension  plays  in  causing  deviations 
from  the  bulk  behavior. 

These  deviations  are  apparent  in  many  ways.  Thus,  even  the 
appearance  of  the  films  is  often  quite  different  from  the  bulk.  Metal 
films  which  have  a  silvery  luster  when  thick  often  appear  to  be  dull 
black  when  ultrathin.  Ultrathin  gold  films  display  a  pink  color  when 
ultrathin,  and  ultrathin  silver  films  often  have  a  yellow  color. 

Experiments  designed  to  test  the  magnetic  properties  of  ultra¬ 
thin  films  of  ferromagnatic(l”15)  have  shown  that,  at  least  for  films  in 
the  20  A  thickness  range  or  thinner,  the  magnetic  moment  appears  to  be 
lower  than  that  expected  if  it  behaved  like  the  bulk  material.  Often  such 
a  decrease  can  be  found  even  for  films  thicker  than  20  A,  depending  on 
the  conditions  of  preparation. 

Also,  measurements  of  the  electrical  resistivity  of  ultrathin 
metal  films(16-25)  have  revealed  that  not  only  is  the  resistivity  greatly 
increased,  as  one  might  expect,  but  also  that  the  temperature  coefficient 
of  resistance  (TCR),  which  is  normally  positive  for  metals,  is  negative. 
Actually  it  is  possible  to  get  positive  TCR's  in  such  films,  sometimes 
even  many  times  larger  than  the  TCR  of  the  bulk  material  Thus  a  wide 
range  of  behavior,  deviating  strongly  from  the  bulk  behavior,  has  to 
be  explained. 
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It  was  the  purpose  oi  the  work  under  this  contract  to  determine 
the  cause  for  the  abnormal  behavior  displayed  by  ultrathin  metal  films. 

It  has  long  been  suspected  that  the  abnormal  behavior  was  due 
to  a  film  structure  quite  different  from  that  normally  encountered  in  bulk 
metals.  It  turns  out  that,  almost  regardless  of  the  mode  of  preparation, 
an  ultrathin  metal  film  is  usually  not  a  uniform,  continuous  film,  but 
will  consist  of  many  small,  discrete  islands  entirely  separated  from 
each  other,  (26-29)  and  that  most  of  the  abnormal  behavior,  and  certainly 
that  pointed  out  above,  can  be  explained  on  the  basis  of  this  island 
structure.  An  electron  micrograph  of  an  ultrathin  gold  film  evaporated 
on  rocksalt  exhibiting  this  island  is  shown  in  Fig.  1.  It  has  been 
found(14, 15, 30,  31)  that  the  important  parameters  which  control  the 
properties  of  such  a  film  are  the  size  of  the  islands  and  the  distances 
between  them. 

The  decrease  in  magnetic  moment  which  is  observed  for  ultra- 
thin  ferromagnetic  films  can  be  explained  if  it  is  realized  that  these 
small  particles  or  islands  of  which  they  in  reality  consist  are  in  the 
superparamagnetic  size  range.  Since  the  magnetization  vector  of  these 


Fig.  1  Electron  micro¬ 
graph  of  ultrathin  gold 
film  on  rocksalt  exhib¬ 
iting  island  structure. 

100,  OOOX 
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islands  therefore  fluctxiates  thermally,  (32)  the  total  magnetic  moment 
of  this  collection  of  islands  will  appear  to  be  less  than  that  expected  on 
the  basis  of  the  bulk  material,  unless  relatively  much  higher  fields  are 
applied.  The  smaller  the  islands,  and  the  further  apart  they  are,  the 
greater  the  apparent  decrease  in  magnetic  moment.  This  has  been 
investigated  and  reported  earlier,  (14, 15, 31)  partially  under  this  contract. 

Similarly,  the  electrical  conduction  mechanism  can  be  explained 
on  the  basis  of  the  island  structure  of  an  ultrathin  film.  This,  too,  was 
investigated  under  this  contract  and  reported  earlier.  (30)  Basically, 
the  conduction  mechanism  is  thought  to  consist  of,  first,  a  thermally 
activated  charge  carrier  creation  process,  involving  the  removal  of  an 
electron  from  an  initially  neutral  island  leaving  it  positively  charged 
and,  second,  the  drifting  of  these  ’’free”  charges  downfield  by  electron 
tunneling  through  the  gaps  between  islands.  From  this  model  it  follows 
that  the  conductivity  must  obey  an  Arrhenius  type  relation,  i.  e. ,  its 
logarithm  is  proportional  to  the  reciprocal  temperature.  The  smaller 
the  size  of  the  islands,  the  greater  the  activation  energy;  and  the  larger 
the  distance  between  islands,  the  lower  the  tunneling  probability,  and 
thus,  the  lower  the  conductivity.  Experimentally  the  agreement  with 
this  theory  is  excellent. 

The  above  illustrates  the  importance  of  island  size  and  distance 
between  them  in  determining  the  film  properties.  It  is  thus  of  interest 
to  discuss  the  ways  in  which  these  two  structural  parameters  depend  on 
various  experimental  factors  commonly  encountered  in  thin  film  prepa¬ 
ration,  namely  the  temperature  of  the  substrate,  the  film  thickness, 
and  the  chemical  nature  of  the  metal  and  substrate. 

Probably  the  biggest  factor  controlling  island  sizes  and  gap 
lengths  is  the  temperature  of  the  substrate,  either  during  deposition 
of  the  film  or  later  If  the  temperature  of  the  substrate  during  deposition 
is  high,  the  impinging  metal  atoms,  if  indeed  they  do  not  re-evaporate, 
will  have  a  higher  surface  mobility  over  the  surface  of  the  substrate, 
and  can  thus  generally  look  for  a  position  on  the  surface  where  they  have  a 
lower  potential  energy  than  at  the  low  substrate  temperatures.  If  the 
metal  atoms  bind  to  each  other  more  tightly  than  to  the  substrate  (glass), and 
this  is  the  case  for  most  metals  other  than  perhaps  the  most  reactive, 
such  as  the  alkali  metals,  then  the  lowest  energy  configuration  will  be 
a  single  sphere  of  these  metal  atoms,  since  here  each  atom  has  as  many 
nearest  neighbors  as  possible.  A  single  sphere  is  never  found  on  the 
substrate,  but,  if  given  enough  mobility,  the  impinging  metal  atoms  will 
form  patches  as  large  as  possible  and  containing  as  fow  surface  atoms 
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Fig.  2  Electron  micrograph  of  ultrathin  nickel  film  evaporated  on  rock- 
salt  at  (a)  200 °C  (200,  OOOX)  and  (b)  400°  C  (20,  OOOX). 
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as  possible.  This  will  naturally  also  lead  to  relatively  larger  distances 
between  the  islands.  Experimentally  this  tendency  to  form  larger  islands 
at  higher  substrate  temperatures  has  often  been  observed  and  is  illus¬ 
trated  in  Fig.  2,  where  electromicrographs  of  an  ultrathin  nickel  film 
evaporated  on  rocksalt  at  a  low  (~'200°C)  and  a  high  (^400°C)  substrate 
temperature  (a  and  b,  respectively)  are  shown.  The  tendency  to  agglom¬ 
erate  into  larger  islands  and  the  larger  distances  between  them  at  the 
higher  substrate  temperatures  is  evident. 

Another  factor  controlling  island  sizes  and  the  distances  between 
them  is  the  film  thickness.  If  all  other  factors  remain  the  same,  the 
island  size  will  increase  with  increasing  film  thickness  (here  the 
’’average”  thickness  is  meant  which  would  result  if  the  film  did  not 
consist  of  islands  but  were  completely  uniform  and  continuous),  while 
the  distances  between  the  islands  will  slowly  decrease  until  they  eventu¬ 
ally  touch  to  produce  a  continuous  film,  which  will  always  happen  in  the 
later  stages  of  film  growth.  This  has  been  experimentally  observed.  (29,  30) 

A  third  factor  important  in  controlling  island  sizes  and  the  distances 
between  them  is  the  nature  of  the  metal  and  the  substrate.  As  a  very 
rough  rule  of  thumb,  the  lower  the  melting  point  of  the  metal,  the  higher 
its  surface  mobility  on  the  substrate,  provided  no  reaction  occurs  between 
them.  Thus,  a  nickel  film  on  glass  will  consist  of  much  smaller  islands 
than  a  silver  film  of  the  same  thickness,  if  prepared  under  otherwise  equal 
conditions.  Similarly,  large  differences  in  film  structure  are  encountered 
for  different  substrate  materials.  An  organic  substrate  such  as  Teflon, 
for  instance,  is  much  more  inert  toward  impinging  metal  atoms  than  even 
glass  or  rocksalt.  This  means  that  the  metal  atoms  bind  even  less  tightly 
to  Teflon  than  on  glass,  and  this  results  in  much  higher  surface  mobility 
and  larger  islands  and  larger  distances  between  them.  Even  the  sticking 
probability  of  most  metals  on  Teflon  is  observed  to  be  considerably 
lower  than  that  on  glass  since  many  of  the  impinging  metal  atoms  re¬ 
evaporate  again,  illustrating  the  very  loose  binding  between  metal  and 
substrate.  The  high  mobility  and  poor  sticking  of  metal  atoms  on 
organics  also  explains  the  structural  inhomogeneities  observed  for  films 
evaporated  on  substrates  which  have  not  been  carefully  cleaned  Figures 
3  and  4  illustrate  this  for  gold  films  evaporated  on  top  of  ’’dirty”  rock- 
salt  crystals.  The  film  structure  is  seen  to  be  quite  different  on  different 
areas  of  the  substrate  In  some  areas  big  agglomerates  are  found,  and 
other  areas  are  not  covered  at  all  by  the  gold,  although  they  were  exposed 
to  the  same  vapor  beam  This  indicates  regions  of  vastly  different 
sticking  probability  or  surface  mobility  on  the  substrate,  presumably 
the  gold  sticks  or  stays  much  less  on  the  contaminated  regions. 
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Fig.  3  Electron  micrograph 
of  ultrathin  gold  film  evapor 
rated  on  "dirty"  rocksalt, 
showing  two  regions  of 
different  metal-substrate 
binding.  10,  OOOX 


Fig.  4  Electron  micro¬ 
graph  of  ultrathin  gold 
film  evaporated  on 
"dirty"  rocksalt, 
showing  three  regions 
of  different  metal - 
substrate  binding. 

20,  OOOX 
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The  role  of  the  island  structure  of  ultrathin  films  in  determining 
magnetic  properties  and  the  electrical  conduction  mechanism  has  been 
discussed  in  earlier  reports  under  this  contract.  There  remains  one 
film  property  which  is  very  sensitively  affected  by  changes  in  the  film 
structure,  and  that  is  the  temperature  coefficient  of  resistance.  A  large 
body  of  literature  exists  on  the  subject,  (16-25,  33)  but  a  satisfactory 
explanation  for  the  very  often  diverse  results  has  not  yet  been  put 
forward.  In  this  report  the  dependence  of  the  TCR  is  discussed  as  a 
function  of  film  structure,  and  experimental  results  are  given.  Under 
discussion  will  be  the  negative  TCR  in  ultrathin  metal  films,  the  effect 
of  film  annealing  on  the  TCR,  the  role  of  the  temperature  coefficient  of 
thermal  expansion  in  thin  film  conduction  and  the  TCR,  abnormally  high 
positive  TCR’s  in  ultrathin  films,  and  the  simultaneous  appearance  of 
positive  and  negative  TCR’s  in  ultrathin  metal  films  on  Teflon  substrates. 

THE  NEGATIVE  TCR  IN  ULTRATHIN  METAL  FILMS 

As  reported  earlier,  (30)  the  conductivity  of  an  ’’island  structure” 
metal  film  depends  on  the  distance  d  between  islands  and  their  radius  r 
in  the  following  way: 


where  A  and  B  are  constants 

♦  is  the  potential  barrier  between  islands  and  can  roughly  be 
approximated  by  the  work  function  of  the  metal 

e  is  the  electronic  charge 

m  is  the  electronic  mass 

'c  is  the  dielectric  constant  of  the  substrate. 

The  tunneling  transmission  coefficient  expressed  as 


D  =  exp  (- 

hM  V.  h 

in  Eq  (1)  is  only  a  simple  approximation  to  express  the  dependency  of  a 
on  d.  Equation  (1)  should  therefore  not  be  expected  to  give  exact 
quantitative  agreement  with  experiment,  but  the  fundamental  dependencies 
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Fig.  5  Log  conductance  vs 
reciprocal  temperature 
for  an  ultrathin  platinum 
film  on  a  glass  substrate, 
demonstrating  that  Eq.  (2) 
is  obeyed. 


should  be  correct.  If  the  variations  in  d  with  temperature  (caused  by 
thermal  expansion)  are  negligible  in  comparison  with  the  term 

e  Vk  r 


in  Eq.  (1),  it  can  be  neglected  and  for  this  case  Eq.  (1)  can  be  rewritten 


a  =  C  exp  (  - 


where  C  is  a  constant. 


This  equation  is  usually  applicable  for  films  consisting  of  very 
small  islands  in  the  few  to  100  A  radius  range  on  substrates  possessing 
only  moderate  thermal  expansion  coefficients.  An  illustration  of  this 
activated  conductivity  is  shown  in  Fig.  5  for  a  platinum  film  on  glass. 

This  type  of  conduction  is  the  most  often  encountered  experimental  situation 
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for  ultrathin  films,  and  has  been  discussed  in  detail  in  Ref.  30  The  change 
in  resistivity  with  temperature  is  given  by,  differentiating  Eq.  (2): 

d  In  p  _  _  eVfcr 
dT  kT  2 

Thus  the  TCR  is  negative  and  strongly  temperature  dependent. 

THE  EFFECT  OF  FILM  ANNEAUNG  ON  THE  TCR 

It  was  pointed  out  above  than  an  increased  substrate  temperature 
during  deposition  should  result  in  larger  island  sizes.  A  similar  result  can 
be  obtained  by  annealing  a  film  at  a  higher  temperature  than  that  of  the 
substrate  during  deposition.  From  Eq.  (1)  an  increased  island  size  would 
make  itself  felt  by  a  now  reduced  activation  energy  for  conduction.  This  is 
indeed  realized  experimentally  and  is  illustrated  in  Fig.  6  where  the  log 


Fig.  6  Log  conductance  vs 
reciprocal  temperature 
for  an  ultrathin  gold  film 
on  glass  before  and  after 
annealing,  showing  the 
change  in  the  activation 
energy. 
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conductance  is  plotted  against  reciprocal  temperature  for  a  gold  film  on 
glass  before  and  after  annealing.  This  film  was  originally  prepared  at  a 
substrate  temperature  of  195°K  (lower  curve)  and  then  annealed  at  room 
temperature  (upper  curve).  The  activation  energy  of  the  annealed  film  is 
found  to  be  only  2/3  that  of  the  original  one,  and  this  is  consistent  with 
the  postulated  increase  in  island  size  on  annealing. 

It  may  be  noted  that  in  the  example  shown  in  Fig.  6  the  conductivity 
of  the  annealed  film  increased  on  annealing.  This  is  just  what  one  expects 
from  Eq  (1)  for  a  larger  value  of  r  in  the  exponent.  However,  in  films 
thinner  than  the  gold  film  under  discussion  one  usually  observes  decreases 
in  the  conductivity  on  annealing.  This  apparently  contradictory  result  can 
be  understood  if  one  realizes  that  if  the  islands  get  larger,  average  distances 
between  them  must  get  larger  also  at  the  same  film  thickness.  This  then 
would  greatly  lower  the  tunneling  probability  which  is  exponentially  dependent 
on  the  distance  between  islands,  and  this  \vould  tend  to  lower  the  conductivity. 
It  turns  out  that  in  thicker  films  the  conductivity  generally  is  observed  to 
increase  on  annealing,  while  for  thinner  films  it  decreases.  It  should  also 
be  borne  in  mind  that  the  current  will  always  flow  through  the  least  resistant 
path  in  the  film.  Extensive  rearrangement  of  the  metal  film  on  the  substrate 
on  annealing  may  well  create  a  less  resistive  path  than  was  available  before. 

Lowered  activation  energies  on  annealing  are  also  demonstrated  in 
Table  I  for  a  Pt  film.  With  a  higher  annealing  temperature  the  activation 
energy  goes  down,  as  predicted. 


TABLE  I 

Activation  Energy  of  a  Thin  Platinum  Film 
as  a  Function  of  Annealing  Temperatures 

Temperature  of  Anneal  (°C)  Activation  Energy  (ev) 

25  0.177 

100  .165 

190  .115 

THE  ROLE  OF  THE  TEMPERATURE  COEFFICIENT 
OF  THERMAL  EXPANSION  IN  THIN  FILM  CONDUCTION 
AND  THE  TCR 

In  addition  to  the  activation  energy  of  conduction,  the  conductivity 
of  an  "island  structure"  film  is  very  sensitively  dependent  on  the  distance 
between  islands,  d.  One  can  thus  easily  visualize  how  thermal  expansion 
of  the  substrate  and  film  can  change  the  conductivity  of  the  film. 
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First,  if  one  assumes  that  the  metal  islands  are  only  loosely 
bound  to  the  substrate,  then  increasing  the  temperature  leads  to  a  decrease 
in  d  since  the  metal  usually  has  a  higher  thermal  expansion  coefficient 
than  most  substrates,  such  as  glass,  and  the  islands  are  assumed  to  be 
free  to  expand  or  contract  without  experiencing  any  constraint  from  the 
substrate.  This  decrease  in  the  distance  d  between  islands  would  then 
give  a  higher  transmission  probability,  and  thus  an  increased  conductivity. 

On  the  other  hand,  if  one  assumes  that  the  metal  islands  are 
tightly  bound  to  the  substrate,  the  transmission  coefficient  will  decrease 
with  increasing  temperature,  since  now  the  metal  islands  cannot  expand 
freely,  but  are  restrained  by  the  substrate.  The  distance  between  islands 
will  therefore  increase  with  increasing  temperature,  giving  a  smaller 
transmission  coefficient,  and  a  lower  conductivity  .  The  resulting  stress 
in  the  film,  if  higher  than  the  elastic  limit,  could  be  relieved  by  plastic 
deformation. 

The  magnitude  of  the  thermal  expansion  effect  on  the  film  conduc¬ 
tivity  can  be  estimated  for  these  two  extremes.  For  the  first  case,  the 
nonrestrained  metal  islands,  one  can  express  the  temperature  dependence 
of  the  distance  between  islands  as 

d  =  do  -  a  fo  ^T  ,  (3) 

where  do  =  original  distance 

Jtg  =  original  linear  dimension  of  island 

a  =  difference  between  thermal  expansion  coefficients  of 
metal  and  glass 10"V°C 

AT  =  temperature  differential. 

This  expression  will  be  valid  as  long  as  do  <  £  o-  Substituting  in  the 
expression  for  the  transmission  coefficient,  and  ignoring  the  relatively 
small  pre- exponential  dependence  on  d: 

D/t)  =  A  exp  -  ^]2m^  (do  -  aio^T) 

L  ^ 

Since  \/2m^a  /o  AT  is  small, 

h 

exp  \j2m*  a  I  ^  =  1  +  ^  —  a  /  ^  AT 

Vh  y  h 
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Equation  (4)  then  becomes 


D(x)  =  A  [  1  +  a  io  )  exp  i 


4Tr/yy2m»  dp 
h 


or 


D(0)  h 


(5) 


(6) 


This  expression  gives  the  ratio  of  the  tunneling  transmission  probabilities 
at  two  different  temperatures,  one  AT  higher  than  the  other,  for  an  island 
structure  thin  film.  For  a  typical  film  with  100  A,  ♦  =  5  ev,  and 
a  =  5  •  10-V°C 

=1.12  for  at  =  100°C 

m 

and 

-Hill  =  1.  41  for  at  =  300° C 

D(0) 

If,  therefore,  this  were  the  only  dependence  of  film  conductivity  on  temper¬ 
ature,  one  would  expect  a  slow  increase  in  conductivity  with  temperature, 
and  thus  a  negative  TCR.  However,  for  films  on  most  substrates,  the 
change  in  conductivity  with  temperature  due  to  the  activation  term 


in  Eq.  (1)  is  so  large  over  such  a  temperature  range,  usually  amounting 
to  three  or  more  orders  of  magnitude,  that  it  completely  predominates  over 
the  thermal  expansion  effect  which  is  usually  lost 

The  same  can  be  said  for  the  second  extreme,  where  the  metal 
islands  are  assumed  to  be  under  constraint  and  the  distance  between  them  is 
determined  by  the  thermal  expansion  of  the  substrate  alone.  Here 

d  =  do(l+asAT)  (7) 

where  Og  =  thermal  expansion  coefficient  of  substrate. 


4 
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Again  substituting  in  the  transmission  coefficient, 

=  A  exp  ^  /^2m  ^(do  +  do  Og  AT) 


Again,  since  ~  ^ -  Kj2m^  doOs  AT  is  small,  this  reduces  to 


^=1  -ll-^agdoAT  . 
D(0)  h 


(8) 


This  gives  the  ratio  of  the  tunneling  transmission  probabilities  at  two 
different  temperatures  for  a  film  in  which  the  metal  islands  are  constrained 
by  the  substrate,  and  where  only  the  thermal  expansion  of  the  substrate 
has  to  be  taken  into  account.  For  a  film  with  do  =  lOA,  =  5  ev,  and 


Og  =  5*  10“V°C  (glass); 


=  0.  9885  for  AT  =  100°C 

D(0) 

=  0  954  for  AT  =  300“C.* 

This  again  illustrates  that  for  relatively  small  island  dimensions 
and  the  relatively  small  thermal  expansion  coefficients  of  most  substrates, 
such  as  glass,  the  contribution  to  the  TCR  by  the  thermal  expansion  of 
substrate  and  film  is  usually  negligible  in  comparison  to  the  contribution 
made  by  the  activation  energy. 

ABNORMALLY  fflGH  POSITIVE  TEMPERATURE 
COEFFICIENTS  OF  RESISTANCE 
IN  ULTRATHIN  METAL  FILMS 

It  is  reported,  (83)  when  the  resistivity  of  thin  metal  films  in 
the  500  to  1000  n /square  region  are  investigated,  that  such  films  not 
only  display  negative  TCR's,  but  often  positive  ones,  approaching  or 
perhaps  even  exceeding  that  of  the  bulk  metal.  In  most  cases  this  can 
probably  be  explained  in  terms  of  the  film  structure.  A  film  of  a 
resistance  in  the  1000  O/square  region  has  a  structure  which  is  inter¬ 
mediate  between  the  pure  island  structure  films  exclusively  investigated 
here  (R  >  10^  o/square),  and  an  ideal  continuous  film  (R'~'50  o/square 
for  a  10  A  film,  making  a  simple  correction  for  mean  free  path  effects). 
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Thus  it  might  conceivably  consist  of  large  islands  just  about  to  grow 
together,  some  filamentary  paths  relatively  uninterrupted  by  gaps,  and 
many  more  or  less  isolated  patches  of  metal.  Such  films  have,  for 
instance,  been  described  by  Ehrlich.  (34)  it  is  apparent  that  for  such  a 
situation  the  resistance  is  entirely  determined  by  a  rather  well  defined 
narrow  path  which  happens  to  have  the  lowest  resistance.  Even  in  this 
path  the  resistance  will  be  concentrated  in  some  few  bottlenecks,  such 
as  gaps.  Since  for  such  a  film  the  "island”  sizes  are  much  larger  than 
in  the  high  resistance  films,  the  contribution  to  the  temperature  dependence  due 
to  the  activation  term  in  Eq.  (1)  will  be  minimized,  and  it  is  thus  easy  to  see 
that  if  the  gaps  widen  due  to  thermal  expansion  of  the  substrate  on  heating, 
as  discussed  above,  large  positive  TCR’s  might  result.  This  should  be 
even  more  true  if  the  thermal  expansion  coefficient  of  the  substrate  is 
quite  large.  Teflon  is  an  example  of  such  a  substrate,  having  an  expansion 
coefficient  of  10*  10“V°C,  which  is  10  times  larger  than  that  of  a  typical 
metal,  and  a  factor  of  20  to  50  times  bigger  than  that  of  glass.  In  fact, 
it  is  possible  to  see  positive  temperature  coefficients  even  for  relatively 
high  resistance  films  on  Teflon  substrates.  There  is  another  reason  for 
this,  besides  the  high  expansion  coefficient.  Metals  are  in  general  not 
bound  very  tightly  to  Teflon,  as  is  evidenced  by  the  fact  that  the  sticking 
probability  of  gold  atoms,  when  impinging  on  Teflon  at  room  temperature, 
is  much  smaller  than  on  glass  or  rocksalt  since  a  much  higher  metal 
beam  pressure  is  necessary  before  condensation  begins.  As  explained 
above,  this  loose  binding  to  the  substrate  will  discourage  smaller  nuclei 
from  forming,  since  they  get  no  assist  in  the  form  of  greater  stability 
by  tight  binding  to  the  substrate,  and  thus  relatively  few  but  large  nuclei 
or  islands  will  grow  during  the  first  or  ultrathin  stage  of  film  formation. 

Since  the  negative  temperature  coefficient  of  resistance  normally  observed 
in  films  with  an  island  structure  becomes  smaller  with  increasing  island 
dimensions,  only  a  small  decrease  in  conductivity  on  lowering  the  temper¬ 
ature  should  be  expected  from  this  source.  This  is  equivalent  to  saying 
that  the  contribution  to  the  temperature  dependence  of  the  conductivity 
due  to  the  activation  term  in  Eq.  (1)  can  become  negligible  in  comparison 
to  that  of  the  transmission  probability.  Thus,  assuming  that  the  islands 
are  so  large,  and  therefore  the  activation  energy  for  conduction  so  small, 
that  practically  all  the  temperature  dependence  of  the  film  conductivity  is 
due  to  the  thermal  expansion  of  the  substrate,  then  the  conductivity  is 
given  by,  from  Eq.  (1): 


a  =  A 


a/  2m(> 
h^d 


exp 


A. 
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The  temperature  dependence  is  introduced  by 
d  =  do  (1  +  OgT) 

where  Og  is  the  thermal  expansion  coefficient  of  the  substrate,  and  much 
larger  than  that  of  the  metal,  os  >  >  a  m- 

Then 


A  V2m4> 
hMo  (1  +  UgT) 


(1  +  OgT)  ^J2mi> 


(9) 


For  such  a  film  one  would  thus  expect  the  conductivity  to  vary  expo¬ 
nentially  with  temperature,  since  the  small  pre -exponential  dependence 
is  negligible.  This  situation  is  realized  experimentally  quite  easily  for 
very  thin  silver  or  gold  films  evaporated  on  Teflon  substrates.  Both  of 
these  metals  have  a  high  surface  mobility  and  easily  agglorerate  into 
large  islands  on  Teflon.  Figure  7  shows  the  linear  relation  which  one 
obtains  for  a  plot  of  log  conductance  vs  T,  as  predicted  by  Eq.  (9). 

Note  that  the  TCR  for  this  gold  film  is  positive  and  several  times  larger 
(0,  008/°C  at  100°K)  than  that  for  bulk  gold  (0.  003/°C).  It  should  be 
pointed  out  here  that  the  resistance  of  this  film  is  very  high,  10®o/square, 
roughly  corresponding  to  a  resistivity  of  1  O  -cm,  and  it  is  inconceivable 
that  the  large  positive  TCR  observed  could  be  due  to  the  normal  TCR  of 
the  bulk  material. 

From  Eq.  (9)  the  slope  of  the  cufve  in  Fig,  7  is  (again  ignoring 
the  pre-exponential  temperature  dependence) 


d  In  u  _  4Trdo  V  2m» 
dT  h 


Taking  ♦  =  4  ev  and  =  9  -  lO’V'C,  one  finds  that  do  =  23  A.  The 
distance  between  islands  in  the  gold  film  given  in  Fig.  7  is  therefore 
of  the  order  of  20  A.  This  is  in  satisfactory  agreement  with  the  value 
one  would  expect  for  the  distance  between  islands,  considering  the  very 
approximate  nature  of  the  equations  used. 

It  is  interesting  to  calculate  the  island  size  required  to  just  offset 
this  positive  TCR  to  give  no  temperature  dependence  at  all,  at  a  particular 
temperature. 
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Fig.  7  Log  conductance 
vs  temperature  for  an 
ultrathin  gold  film  on 
Teflon  exhibiting 
behavior  according  to 
Eq.  (9). 


Equation  (1 )  can  be  rewritten  as 

I  =  exp  ( -  ^/2^•  B  exp  f-  . 

h^d  V  h  -  /  V  kT  / 

Ignoring  the  pre- exponential  dependence  and  assuming  os  >  >  Oui 

AlLi  =  .  AJL  ^  a,  d.  e  -SV”  .  (10) 

dT  h  kT^ 

Solving  for  r  if  d  f  nl/ dT  =  0,  and  taking 

♦  =  4  ev 
do  =  25  A 
Og  =  10"V°C 

K  =  2 
one  obtains 

r  =  180  A  at  300'^K 

Thus  one  should  expect  that  for  islands  larger  than  about  200  A 
in  radius  the  TCR  of  a  metal  film  on  Teflon  will  be  positive,  and  negative 
for  radii  smaller  than  that.  Again  this  is  to  be  considered  only  an  order 
of  magnitude  estimate. 
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THE  SIMULTANEOUS  APPEARANCE  OF  POSITIVE 
AND  NEGATIVE  TCR’s  IN  ULTRATHIN  METAL  FILMS 
ON  TEFLON  SUBSTRATES 


Judging  from  the  calculations  in  the  last  section  it  is  conceivable 
that  one  should  be  able  to  observe  temperature  coefficients  of  resistance 
of  both  signs  for  metal  films  on  substrates  possessing  high  thermal 
expansion  coefficients,  depending  on  the  details  of  their  structure.  Thus, 
if  the  size  of  the  islands  making  up  the  film  is  very  small,  and  the  distances 
between  them  are  also  small,  a  negative  TCR  is  observed,  particularly 
at  the  lower  temperatures.  However,  for  large  islands,  large  distances 
between  them,  and  at  h^her  temperatures,  the  positive  TCR  is  observed. 
By  controlling  the  film  thickness  and  substrate  temperature  during  film 
formation,  one  can  obtain  a  range  of  island  sizes  and  distances  between 
them,  such  that  one  can  make  the  same  film  fall  into  both  ranges.  This 
has  been  carried  out  experimentally  for  several  films,  and  is  illustrated 
in  Fig.  8  for  a  gold  film  of  progressive  thickness  on  Teflon.  The  very 
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Fig.  8  Log  conductance  vs 
temperature  for  gold 
films  on  Teflon  demon¬ 
strating  positive  and 
negative  temperature 
coefficients  of  resistance 
as  a  function  of  temper¬ 
ature  and  film  thickness. 
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thinnest  film,  of  thickness  dj,  exhibits  the  negative  TCR,  at  least  at 
lower  temperatures.  When  made  thicker  to  give  film  d2  by  depositing 
more  gold,  the  TCR  was  found  to  have  both  signs,  depending  on  the 
temperature.  A  still  thicker  film,  ds,  prepared  by  evaporating  still 
more  gold,  finally  exhibits  a  positive  TCR  over  the  entire  temperature 
range  investigated.  This  is  exactly  the  behavior  expected  from  the  above 
discussion,  and  can  be  simply  explained  by  the  fact  that  both,  the  thermal 
expansion  and  the  activation  controlled  conduction  mechanism,  are 
applicable,  but  one  predominates  over  the  other  at  different  temperatures. 

It  is  relatively  easy  to  prepare  films  of  gold  or  silver  on  Teflon 
with  island  radii  large  enough  to  show  the  positive  TCR.  Other  metals, 
such  as  nickel,  have  lower  surface  mobilities  on  Teflon,  and  much 
smaller  islands  can  be  expected  under  the  same  growth  conditions. 
However,  even  for  nickel  films  on  Teflon  it  was  found  that,  while  exhib¬ 
iting  the  negative  TCR  when  thin,  thicker  films  show  the  positive  TCR. 
This  is  illustrated  in  Table  II  below,  where  the  TCR  at  0°C  is  given  as 
a  function  of  film  resistance  (or  thickness). 


TABLE  n 

The  TCR  at  0°C  of  Increasingly  Thicker  Metal  Films  on  Teflon 


Film 


Conductance  at  0°C  (o) 


dR/dT 


di 

9.8'  10-12 

-0.017 

d2 

2.  4'  lO'ii 

-  .014 

ds 

5.  2-  10-1® 

-  .011 

d4 

3.  !•  10-" 

-  .0065 

ds 

5.  4-  lO-*^' 

-  .0019 

dfi 

6.  7-  10“^ 

.  000 

d? 

7.  4.  10-'’ 

+  .0012 

It  should  be  noted  that  the  resistivity  of  even  the  thickest  film, 
d^,  is  still  about  a  million  times  higher  than  that  of  bulk  nickel,  and  the 
positive  TCR  for  that  film  could  not  have  been  simply  due  to  the  normal 
TCR  of  the  bulk  material.  On  annealing  R  always  increases,  but  the 
TCR  tends  to  become  more  positive,  as  expected,  since  the  island 
sizes  increase. 
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SUMMARY 


The  very  wide  range  of  values  of  the  TCR  of  ultrathin,  metal 
films  on  inert  substrates  can  he  explained  in  terms  of  the  island  structure 
of  such  films.  It  was  postulated  and  it  was  demonstrated  electron- 
microscopically  that  films  showing  negative  TCR's  consist  of  many 
small  metal  islands  separated  by  distances  in  the  few  angstroms  range. 

The  negative  TCR  comes  about  because  of  an  activation  energy  for 
conduction  which  involves,  first,  a  charge  carrier  creation  process 
involving  the  removal  of  an  electron  from  an  initially  neutral  island  and, 
second,  the  tunneling  of  this  charge  from  island  to  island  in  the  applied 
field.  On  film  annealing,  larger  island  sizes  result,  leading  to  lower 
activation  energies.  If  the  island  sizes  are  much  larger  than  about 
200  A,  the  contribution  to  the  temperature  dependence  made  by  the  now 
very  small  activation  energy  may  become  negligible  compared  to  that 
made  by  the  tunneling  transmission  probability,  which  contains  the  distance 
between  islands,  which  in  turn  is  subject  to  variations  with  temperature 
because  of  the  thermal  expansion  of  substrate  and  film.  Abnormally 
high  TCR’s  found  in  ultrathin  films,  sometimes  even  higher  chan  that 
of  the  bulk  metal,  particularly  if  the  substrate  possesses  a  very  high 
thermal  expansion  coefficient,  can  be  explained  on  the  basis  of  the 
thermal  expansion  of  the  substrate  alone.  If  the  contribution  of  the 
activation  energy  and  ths  thermal  expansion  of  the  substrate  are  comparable, 
an  ultrathin  metal  film  may  display  both,  negative  and  positive  TCR's, 
within  a  relatively  short  temperature  interval. 
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Office  of  the  Chief  Signal  Officer 
Washington  25,  D.  C. 

SIGRD-4a-2 

Commanding  Officer 
Attn:  ORDTL-012 

Diamond  Ordnance  Fuze  Laboratories 
Washington  25,  D.  C. 

Commanding  General 
U.  S.  Army  Ordnance  Missile  Command 
Redstone  Arsenal,  Alabama 
Attn:  Technical  Library 
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ASTIA  (TIPAA) 

Arlington  Hall  Station 
Arlington  12,  Virginia 

National  Aeronautics  and  Space  Agency 
1520  H.  Street,  N,W. 

Washington  25,  D.  C. 

Attn:  Library 

Director 

Langley  Research  Center 

National  Aeronautics  and  Space  Adnainistration 

Langley  Field,  Virginia 

AFCRL,  OAR  (CRIPA-Stop  39) 

L.  G  Hans  com  Field 
Bedford,  Massachusetts 

Chief,  Bureau  of  Naval  Weapons 
Department  of  the  Navy 
Washington  25,  D.  C . 

Attn:  DLI-31 

Director  (Code  2027) 

U.  S.  Naval  Research  Laboratory 
Washington  25,  D.  C. 

Director,  USAF  Project  RAND 

The  Rand  Corporation 

1700  Main  Street,  Santa  Monica,  Cal. 

Thru:  A  F.  Liaison  Office 

Technical  Information  Office 
European  Office,  Aerospace  Research 
Shell  Building,  47  Cantersteen 
Brussels,  Belgium 

U.  S.  Army  Aviation  Human  Research  Unit 
U  S.  Continental  Army  Command 
P,  O.  Box  428,  Fort  Rucker,  Alabama 
Attn:  Maj.  Arne  H.  Eliasson 

Library 

Boulder  Laboratories 
National  Bureau  of  Standards 
Boulder,  Colorado 
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Institute  of  the  Aerospace  Sciences,  Inc.  1 

2  East  64th  Street 

New  York  21,  New  York 

Attn:  Librarian 

Office  of  Naval  Research  10 

Branch  Office,  London 

Navy  100,  Box  39 

F.  P.  O.  New  York,  New  York 

Massachusetts  Institute  of  Technology  1 

Research  Laboratory  of  Electronics 

Building  26,  Room  327 

Cambridge  39,  Massachusetts 

Attn:  John  H  Hewitt 


Alderman  Library  1 

University  of  Virginia 
Charlottesville,  Virginia 

WADD  (WCLTRRC,  Mr  R.  M  Van  Vliet)  1 

Wright- Patterson  AFB,  Ohio 

AF  Ballistic  Missile  Division  (ARDC)  2 

AF  Unit  Post  Office 

Attn:  Mrs.  Wasserman,  WDAT-60445-2 
Los  Angeles  45,  California 

Hq.  ARDC  (RDR-62)  3 

References  4608 -CA 

Andrews  AFB,  Washington  25,  D.  C. 

Advisory  Group  on  Electron  4 


Devices  (AGED) 

Office  of  the  Director  of  Defense 
Research  and  Engineering 
346  Broadway,  8th  Floor 
New  York  13,  New  York 

Advisory  Group  on  Electron  Parts  3 

Moore  School  Building 
200  South  33rd  Street 
Philadelphia  4,  Penn. 

Attn:  Col.  A.  E.  Mickelsen 
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General  Motors  Corporation 
Research  Laboratories 
Twelve  Mile  and  Mound  Roads 
Warren,  Michigan 

Attn:  Mr.  E„  F.  Weller,  Asst.  Head 
Physics  Department 

Bendix  Aviation  Corporation 
Bendix  Radio  Division 
East  Joppa  Road 
Baltimore  4,  Maryland 
Attn:  Bendix  Radio  Library 

Radio  Corporation  of  America 
RCA  Laboratories 
Princeton,  New  Jersey 
Attn:  Dr.  L  R.  Weisberg 

Philco  Corporation 

Lansdale  Division,  Church  Road 

Lansdale,  Pa. 

Attn:  Mrs.  Jane  Hendricks 
Research  Librarian 

General  Instrument  Corporation 
Semiconductor  Division 
65  Gouverneur  Street 
Newark  4,  New  Jersey 
Attn:  Mr.  Frank  S.  Stein 

Documentations,  Inc. 

2521  Connecticut  Avenue 
Washington  8,  D.  C. 

Attn:  Man -Machine  Information  Center 

Massachusetts  Institute  of  Technology 

77  Massachusetts  Avenue 

Cambridge,  Massachusetts 

Attn:  Miss  Phyllis  Meserliam,  Librarian 

Electronic  Systems  Laboratory,  Building'  32 
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